Insulin-like growth factor-I (IGF-I) is a critical regulator of skeletal growth. While IGF-I has been shown to be a potent chondrocyte mitogen in vitro, its role in chondrocyte differentiation is less well characterized. We chose to study the action of IGF-I on an accepted model of chondrocyte differentiation, the ATDC5 cell line. Insulin concentrations sufficiently high to interact with the IGF-I receptor are routinely used to induce ATDC5 cells to differentiate. Therefore, we first examined the ability of IGF-I to promote chondrocyte differentiation at physiological concentrations. IGF-I could induce differentiation of these cells at concentrations below 10 nM. However, increasing IGF-I concentrations were less potent at inducing differentiation. We hypothesized that mitogenic effects of IGF-I might inhibit its differentiating effects. Indeed, the extracellular-signal-regulated kinase (ERK)-pathway inhibitor PD98059 inhibited ATDC5 cell DNA synthesis while enhancing differentiation. This suggested that the ability of IGF-I to promote both proliferation and differentiation might require that its signaling be modulated through the differentiation process. We therefore compared IGF-I-mediated ERK activation in proliferating and hypertrophic chondrocytes. IGF-I potently induced ERK activation in proliferating cells, but minimal ERK response was seen in hypertrophic cells. In contrast, IGF-I-mediated Akt activation was unchanged by differentiation, indicating intact upstream IGF-I receptor signaling. Similar findings were observed in the RCJ3·1C5·18 chondrogenic cell line and in primary chick chondrocytes. We conclude that IGF-I promotes both proliferation and differentiation of chondrocytes and that the differentiation effects of IGF-I may require uncoupling of signaling to the ERK pathway.
Introduction
Since the elucidation of the role of insulin-like growth factor-I (IGF-I) in the somatotropic actions of growth hormone (GH), the role of this system in bone growth has been a subject of intense investigation (Lupu et al. 2001 , van der Eerden et al. 2003 . The classic somatomedin hypothesis proposed that pituitary-derived GH functions in an endocrine manner to stimulate the production of IGF-I, which then acts as a circulating hormone to stimulate growth at the growth plate (Daughaday & Rotwein 1989) . Subsequent studies led to a modification of the original hypothesis to include local production of IGF-I in response to GH. Thus, the somatomedin hypothesis was expanded to include autocrine/paracrine actions of IGF-I at the growth plate (Schlechter et al. 1986) .
Several lines of evidence support a critical role for the GH/IGF system in skeletal growth. Genetically manipulated mice with GH deficiency exhibit postnatal growth failure (Lupu et al. 2001) . IGF-I-null mice, which are born smaller than their wild-type littermates, show similar postnatal growth failure should they survive the newborn period (Liu et al. 1998) . When IGF-I-null mice are treated with GH, these animals fail to grow, thereby supporting the hypothesis that the effect of GH on postnatal skeletal growth is dependent on IGF-I (Liu et al. 1998) . More recent studies on mice with inducible, liver-specific inactivation of the IGF-I gene (LI-IGF-I / ) have shown that attenuated hepatic IGF-I production is compatible with normal postnatal growth, indicating the importance of autocrine/paracrine IGF-I production and action (Sjogren et al. 1999 , Yakar et al. 1999 .
GH receptor-null mice show severe postnatal growth retardation and extremely low circulating IGF-I levels. The growth plate in these animals narrows relative to wild-type animals starting at 2 weeks of age (Zhou et al. 1997) . This is due to a reduction in the width of the so-called proliferative zone, the region of the growth plate in which chondrocytes are undergoing cell division. The hypertrophic zone, the portion of the growth plate in which chondrocytes increase in volume, is also reduced. When IGF-I is given to these animals, bone length increases and both the proliferative and hypertrophic zone widths are fully restored.
The models described above provide evidence that IGF-I may regulate both chondrocyte proliferation and hypertrophy. Studies on several chondrocyte cell lines have demonstrated that IGF-I is a potent mitogen for these cells (Ohlsson et al. 1994 , Cancedda et al. 1995 . However, few data are available indicating how IGF-I mitogenic effects are mediated and through what pathways potential IGF-I effects on chondrocyte proliferation and hypertrophy are transduced.
As noted above, the growth plate encompasses three defined zones in which proliferation, growth arrest and terminal differentiation occur. In the proliferative zone, the chondrocytes actively divide and give rise to columns of flattened cells secreting hyaline extracellular matrix rich in type II collagen. Differentiation occurs in the hypertrophic zone, which begins beyond a point at which the chondrocytes undergo growth arrest. This zone is marked by collagen type X expression. In addition, growth plate chondrocytes synthesize large amounts of chondroitin 4-and 6-sulfate as well as keratan sulfate, all of which can be detected using Alcian Blue or toluidine staining (Chang et al. 1998) .
Many hormones, growth factors and transcription factors have been shown to regulate chondrocyte differentiation (Kronenberg 2003) . These include fibroblast growth factor, parathyroid hormone-related peptide, bone morphogenic protein, transforming growth factor-and the transcription factors SOX9 and Runx2. In the presence of a mutation in one of these transcription factors or in a receptor for one of the aforementioned growth factors, chondrodysplasia occurs. In contrast, the growth plate of animals in which the function of the GH/IGF system is altered appears histologically normal (Zhou et al. 1997) . As a consequence, the biological importance of IGF-I on skeletal growth and differentiation may have been underestimated (Van Wyk & Smith 1999) .
Recent advances have been made in understanding mechanisms of IGF-I signal transduction (Benito et al. 1996 , Werner & Le Roith 2000 . It is well established that IGF-I mitogenic effects are mediated, at least in part, by the members of the mitogen-activated protein kinase family, termed extracellular-signal-regulated kinase 1 and 2 (ERK1 and ERK2), as well as by the activation of phosphoinositide 3-kinase (PI 3-kinase) and Akt. The mechanisms by which IGF-I promotes the differentiation of various mesenchymal cell types, including adipocytes and cardiomyocytes (Boney et al. 1996 , Milasincic et al. 1996 , Boney et al. 1998 , are also under investigation. All of these cell types have in common a requirement that cell-cycle arrest occur prior to progression to differentiation. The established role of IGF-I in bone growth taken together with findings in other mesenchymal cells led us to postulate that, in chondrocytes, IGF-I exerts dual functions as a mitogenic agent and a differentiation factor. We further postulated that IGF-I signaling would be modulated during chondrocyte development and that this modulation would prevent the mitogenic signals from interfering with the promotion of differentiation. For most of our studies, we utilized the ATDC5 cell line (Atsumi et al. 1990 ), a well-characterized chondrogenic cell line derived from a mouse teratocarcinoma. To assess the broader relevance of our findings, our observations were extended to a second chondrocyte cell line, RCJ3·1C5·18 cells, as well as primary chick chondrocytes. 
Materials and Methods

Materials
Cell-culture conditions
The ATDC5 cell line was obtained from the Riken Cell Bank (Tsukuba, Japan). Cells were grown in six-well plates and cultured in maintenance medium consisting of a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium containing 5% fetal bovine serum, 10 µg/ml holo-transferrin, 3 10 8 M sodium selenite, 50 µg/ml penicillin, 100 µg/ml streptomycin and 0·25 µg/ml amphotericin B at 37 C in a humidified atmosphere of 5% CO 2 in air (Atsumi et al. 1990) . To study proliferation, cells were plated at 6·4 10 3 cells/cm 2 but studied at 70-80% confluence. To study hypertrophic cells, chondrogenesis was first induced by plating the cells at the same density and allowing them to proliferate until they reached confluence. This was accomplished using medium supplemented with either 10 µg/ml porcine insulin or various concentrations of IGF-I or [Arg 3 ]IGF-I. Media were replaced every other day. For all acute signaling studies, cells were placed in serum-free medium with 0·1% BSA for 4 h prior to use.
RCJ3·1C5·18 cells, provided generously by Dr Jane E. Aubin (University of Toronto, Toronto, Ontario, Canada), were grown in -minimal essential medium supplemented with 15% heat-inactivated fetal bovine serum, 10 7 M dexamethasone, 2 mM sodium pyruvate, 50 µg/ml penicillin, 100 µg/ml streptomycin, and 0·25 µg/ml amphotericin B. To study proliferation, cells were used at 70-80% confluence. To induce chondrogenesis, fresh medium containing 50 µg/ml ascorbic acid and 10 µM -glycerophosphate was added after cells reached confluence. Media were replaced every other day and cells were harvested at 2 weeks (Grigoriadis et al. 1996) .
Primary chick chondrocytes were isolated and cultured as described previously (Zhen et al. 2001) . Chicken hypertrophic chondrocytes were obtained from the cephalic part of sternal cartilage from 17-day-old embryonic chicken. Proliferating chondrocytes were obtained from the caudal part of the cartilage. Cells were studied at 70-80% confluence and maintained in Ham's F-12 medium containing 10% fetal bovine serum. For all acute signaling studies, cells were placed in serum-free medium with 0·1% BSA for 4 h prior to their use.
Histochemical quantitation of chondrocyte differentiation
Accumulation of the mucopolysaccharides associated with chondrocyte differentiation was assessed by staining of cell monolayers with Alcian Blue (Atsumi et al. 1990) . Cells were first rinsed with PBS three times, then fixed with 100% methanol for 10 min at 20 C. Staining was accomplished by applying a solution of 0·1% Alcian Blue 8 GX in 0·1 M HCl to the cells for 2 h at room temperature. To quantify the intensity of the staining, the stained culture plates were rinsed with PBS three times and each well extracted with 1 ml 6 M guanidine/HCl overnight at room temperature. The optical density of extracted dye was measured at 650 nm. Total cellular material was quantified in parallel by staining with Neutral Red, which is a weak base that is taken up by viable cells (Kull & Cuatrecasas 1983) . The detection of cellular Neutral Red content was measured as optical density at 550 nm of the same extracts used for Alcian Blue quantification. This method was used because it allowed us to combine analyses for an indicator of cell growth (proliferation and/or hypertrophy) with quantification of an indicator of chondrocyte differentiation (Atsumi et al. 1990 , Chang et al. 1998 ).
Preparation of cell lysates
Experiments were terminated by aspirating the culture media and washing three times with ice-cold PBS. Cell lysates were prepared in a 10 mM Tris buffer (pH 7·6) containing 1% Triton X-100, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 0·1 mM sodium orthovanadate and protease inhibitors (10 µg/ml leupeptin, 10 µg/ml aprotinin and 25 µg/ml PMSF). Lysates were centrifuged at 15 000 g for 20 min at 4 C in a micro-centrifuge. Protein content of the clarified lysate was determined by using the bicinchoninic acid method (BCA; Pierce Biotechnology, Rockford, IL, USA). Cell lysates were stored at 80 C until use.
Western blotting
Following standard PAGE, proteins were transferred to PVDF membranes. Immunoblots were blocked in 5% milk in Tris-buffered saline with 0·1% Tween-20 and probed overnight with primary antibody at a concentration of 1:1000. Results were visualized using the ECL Plus detection kit and quantified using Gel-Pro Analyzer software (Media Cybernetics, Silver Spring, MD, USA). Where indicated, blots were stripped according to the ECL Plus protocol prior to re-probing.
[ 3 H]Thymidine incorporation
Cells were incubated with 1 µCi/well [ 3 H]thymidine for 6 h followed by lysis in 0·33 M NaOH. An aliquot was removed for protein assay before DNA precipitation with ice-cold 40% trichloroacetic acid/1·2 M HCl and collection on glass fiber filters for scintillation counting (Curran et al. 1993) .
PCR
For determinations of collagen X expression in ATDC5 cells, total RNA was prepared using Tri-Reagent. Primer sequences used for detection of type X collagen and -actin mRNAs were those used by Negishi et al. (2000) . After reverse transcription, PCR was performed for 16 cycles for -actin and 23 cycles for type X collagen. The optimal cycle number was determined empirically in each case to maximize the sensitivity of quantification. PCR products were electrophoresed in 1·5% agarose gels containing ethidium bromide. Resulting photographs were quantified as described above for Western blots. For analysis of collagen X expression in primary chick chondrocyte cultures, real-time PCR was performed as described previously (Wu & Chen 2000) .
Statistical analyses
All data are shown as means S.D. Multiple comparisons were performed using analysis of variance with Tukey's post-hoc test.
Results
Studies on ATDC5 cells have routinely employed the addition of high concentrations of insulin (10 µg/ml) to induce chondrocyte differentiation. Based on the current understanding of insulin and IGF-I receptor signaling, we considered the possibility that the action of insulin to induce chondrocyte differentiation might be mediated through IGF-I receptors and not insulin receptors. We therefore compared the ability of physiologic concentrations of IGF-I, the [Arg 3 ]IGF-I analog and high-dose insulin to promote the proliferation and differentiation of ATDC5 cells. [Arg 3 ]IGF-I was employed so as to avoid the potential inhibitory effects of endogenous IGF-binding proteins.
To obtain hypertrophic chondrocytes, cells were first grown to confluence. They were then maintained in differentiating media as described above for 14 days. ]IGF-I response was proportional to concentration, but rather limited at all concentrations relative to the maximal effect of insulin at high concentration. These results were interpreted as indicating that all three agents could stimulate chondrocyte differentiation, but that a simple, proportional dose response to IGF-I or [Arg 3 ]IGF-I might be confounded by stimulation of proliferation.
To clarify the interpretation of these results, we performed studies to assess the mitogenic potency of IGF-I. Given the key role of the ERK pathway in growth factor-induced proliferation, we focused on this signaling pathway. Proliferating ATDC5 cells were incubated in serum-free medium for 4 h. They were then exposed to a concentration of IGF-I (40 nM) that has been shown previously to be efficacious (Hidaka et al. 2001) . ERK activation, measured by Western blotting for the phosphorylated, active forms of ERK1 and ERK2, occurred within 5 min of IGF-I exposure ( Fig. 2A) . Dose-response curves for IGF-I showed that IGF-I concentrations as low as 10 nM could induce maximal ERK activation (Fig. 2B) ]IGF-I could induce maximal ATDC5 cell DNA synthesis at a concentration as low as 6 nM.
As noted above, we considered the possibility that the limited ability of [Arg 3 ]IGF-I and IGF-I to induce differentiation might be secondary to their potent mitogenic effects. A series of experiments was performed to test this hypothesis. We first determined the effect of inhibition of ERK pathway activation on the mitogenic effect of IGF-I. This was accomplished by using PD98059, a specific inhibitor of the intermediate kinases (mitogen-activated protein kinase/ERK kinases (MEKs) 1 and 2) in the ERK pathway. To first demonstrate the effect of MEK inhibition on ERK activation by IGF-I, cells were treated with 0, 20 or 50 µM PD98059 (the DMSO vehicle content was held constant) for 1 h prior to addition of 5 nM IGF-I for 5 min. As expected, PD98059 at 50 µM inhibited IGF-I-mediated ERK activation by approximately 70% (Fig. 4A) . To examine the effect of MEK inhibition on DNA synthesis, cells were treated with 50 µM PD98059 1 h before addition of IGF-I. Cells were incubated for an additional 24 h with 1 µCi/well (Fig. 4B) showed that, under both unstimulated and IGF-I-stimulated conditions, this concentration of PD98059 was sufficient to decrease DNA synthesis by 75-80%.
In our initial experiments we observed that increasing the concentration of IGF-I from 10 to 50 nM was associated with a decreased induction of ATDC5 differentiation (Fig. 1B) . This finding was supported further by correcting Alcian Blue staining for total cellular material, as quantified by Neutral Red staining (Fig. 5A) . Parallel experiments were performed to compare the concentration dependence of differentiation with that of ERK activation. ATDC5 cells were induced to differentiate with various concentration of IGF-I. At 14 days, the cells were harvested. Results (Fig. 5B ) confirmed an inverse relationship between Alcian Blue staining and steady-state ERK To confirm that ERK activation impairs the ability of IGF-I to promote chondrocyte proliferation, we examined the ability of PD98059 to amplify the differentiating effect of IGF-I. PD98059 and IGF-I were maintained in the culture media during the entire 14-day differentiation period, at the end of which cell lysates were prepared. Cells continually exposed to PD98059 plus IGF-I showed a greater degree of differentiation, as demonstrated by both Alcian Blue staining (Fig. 6A ) and collagen X expression (Fig. 6B) , than cells exposed to IGF-I alone. The results of the latter analysis were particularly impressive, with PD98059 converting the [Arg 3 ]IGF-I from a differentiating factor that was far less potent than insulin to one that was as potent as 1600 nM insulin.
Figure 5
The effects of IGF-I on ATDC5 cell differentiation and ERK activation. ATDC5 cells were cultured in differentiating medium containing 1, 10 or 50 nM IGF-I for 14 days. One set of cells was stained using Alcian Blue and Neutral Red (A). The dyes were extracted and absorbance determined. The ratio of Alcian Blue to Neutral Red was calculated (n=3 for each condition). Parallel wells were used to perform a Western immunoblot analysis for phospho-ERK (P-Erk) and total ERK (B). The ratio of phospho-ERK to total ERK was calculated (n=3 for each condition). *P<0·05 versus other groups. A replicate experiment (not shown) gave the same results.
Figure 6
The effect of MEK inhibition by PD98059 on ATDC5 differentiation. Cells were cultured for 14 days in differentiating medium without growth factors (control) or in differentiating medium containing 1600 nM insulin, 1 or 10 nM [Arg 3 ]IGF-I , or 10 nM IGF-I. Solid bars and open bars represent cells that were maintained in the absence or presence of 50 M PD98059 respectively. Media were changed every other day for the duration of the experiment. Two markers of differentiation were assessed. (A) Cells were stained with Alcian Blue. The dye was extracted and optical density measured. Data represent n=3 for each condition. (B) A similar experiment was performed in which cells were lysed for preparation of total RNA. Collagen X and -actin expression were assessed using semi-quantitative reverse transcriptase PCR. The ratio of collagen X to -actin expression is shown (n=3 for each condition). *P<0·05 versus the corresponding control group.
To further study the effect of PD98059 on chondrocyte differentiation, we obtained proliferating primary chick chondrocytes from the caudal region of 17-day embryonic chicken sternal cartilage. These proliferating chondrocytes, when maintained in culture for several days, gradually differentiate into hypertrophic chondrocytes as indicated by increased collagen X expression. For this experiment, we performed real-time PCR to measure collagen X expression in proliferating chick chondrocytes maintained in culture for 3 days after achieving confluence (Fig. 7) . As expected, we observed an increase in collagen X expression in all samples. When PD98059 was added to the culture media, collagen X expression showed an upward trend but did not reach statistical significance. However, when IGF-I and PD98059 were both added to the culture media, a significant increase in collagen X expression was observed. Based on these results, we reasoned that IGF-I acts as a more potent differentiating agent for chondrocytes if its ability to activate the ERK pathway is attenuated as the cells differentiate.
In order to test this hypothesis, we performed a series of experiments comparing the ERK response to IGF-I in proliferating and hypertrophic chondrocytes. The latter condition was verified by demonstrating induction of collagen X and Alcian Blue staining. First, proliferating ATDC5 cells were changed to serum-free media for 4 h and then stimulated acutely with 5 nM IGF-I. Results (Fig. 8A) showed the expected potent ERK activation in proliferating cells. We then induced differentiation by adding a high concentration of insulin to confluent ATDC5 cells to obtain the fully differentiated cells in 2 weeks' time. When differentiation was achieved, ATDC5 cells were changed to serum-free media for 4 h and then stimulated acutely with 5 nM IGF-I. Minimal ERK activation in response to IGF-I was observed in these differentiated cultures (Fig. 8A) . To determine if these findings were specific to ATDC5 cells or of more general significance, similar experiments were performed in two other systems, RCJ3·1C5·18 cells (Fig. 8B ) and primary chick chondrocyte cultures (Fig. 8C) . Similar results were observed in both model systems. To determine if this loss of signaling in hypertrophic chondrocytes could be attributed to decreased signaling at the receptor or immediate-post-receptor level, the samples were analyzed for phosphorylation of Akt, an indirect indicator of Akt activation. The rationale for examining Akt was the locus of this signaling kinase in the PI 3-kinase-dependent pathway, one that is distinct from that involved in ERK activation. Results (Fig. 9 ) demonstrated that IGF-I could potently activate Akt in both proliferating and hypertrophic chondrocytes in all three model systems. This result was consistent with the observation that IGF-I receptors are present in hypertrophic chondrocytes (Olney & Mougey 1999) . To eliminate the possibility that the ERK response to IGF-I might be delayed in the hypertrophic cells, we performed a time course extending to 2 h after addition of IGF-I. At all time points, the ERK response to IGF-I was markedly attenuated (data not shown).
Discussion
The ATDC5 cell line, originally derived from a mouse teratocarcinoma, has been used by a number of investigators as a model for chondrocyte differentiation (Shukunami et al. 1996 , Watanabe et al. 2001 . Insulin concentrations sufficiently high to interact with the IGF-I receptor are routinely used to induce maximal ATDC5 cell diffentiation. We therefore undertook a direct study of the role of IGF-I in these cells. We considered the possibility that IGF-I might not only be acting through IGF-I receptors but also through insulin:IGF-I hybrid receptors. However, functional studies of hybrid receptors suggest that they behave more like IGF-I receptors than insulin receptors. They bind to and are activated by IGF-I with an affinity similar to that of IGF-I receptors (Frattali & Pessin 1993 , Pandini et al. 2002 . Therefore, the presence of hybrid receptors on ATDC5 cells would not necessarily alter our interpretation of the IGF-I signaling data.
We found that increasing concentrations of IGF-I did not show a direct relationship to potency for inducing ATDC5 differentiation, a finding that was not observed when insulin was used . A similar observation was made when we used [Arg 3 ]IGF-I to induce chondrocyte differentiation. This biphasic concentration-dependence for IGF-I-mediated differentiation was inversely related to the steady-state levels of ERK phosphorylation. That is, attenuated differentiation at the higher IGF-I concentrations correlated with greater ERK activation. This finding, taken together with the ability of an ERK pathway inhibitor to potentiate the differentiating effects of IGF-I, supports the conclusion that ERK activation by IGF-I inhibits its differentiating effects.
As noted above, both proliferating and hypertrophic chondrocytes are exposed to locally produced IGF-I in vivo. Given that normal chondrocytes (Olney & Mougey 1999 ) and ATDC5 cells (Shukunami et al. 1996) express the IGF-I receptor at all stages of their development, and that activation of a key mitogenic pathway was inhibitory for differentiation, we hypothesized that IGF-I signaling might be modulated during chondrogenesis. Indeed, we were able to demonstrate a marked reduction in IGF-I-mediated ERK activation in growth arrested and hypertrophic chondrocytes using two additional chondrogenic cell models. We were able to confirm that this change in IGF-I signaling cannot be explained by loss of IGF-I receptor expression or activation, as indicated by the maintenance of IGF-I signaling to Akt. Similar downregulation of the ERK pathway has been demonstrated to occur during myogenesis and adipogenesis (Boney et al. 1996 , Milasincic et al. 1996 . In both cases, it has been proposed that downregulation of the ERK pathway may be an important component of the IGF-I signal transduction mechanisms required to induce mesenchymal differentiation. The replication of our findings in two chondrogenic cell lines and primary chick chondrocytes indicates that this shift in IGF-I signaling may well be of physiological significance. The critical role of ERK downregulation during chondrocyte differentiation is also supported by studies on chondrocytes derived from mice made transgenic for constitutively active MEK1 (Murakami et al. 2004) . These mice displayed incomplete hypertrophy of chondrocytes in the growth plates, while chondrocyte proliferation was unaffected.
In summary, our findings provide compelling support for a key role of IGF-I in both chondrocyte proliferation and differentiation. The modulation of IGF-I signaling that we observed when chondrocytes convert from a proliferative to hypertrophic state is consistent with a paradigm that is emerging in other models of mesenchymal cell differentiation. This change in signaling appears to be essential for a dual role of IGF-I in the promotion of chondrocyte proliferation and differentiation at the growth plate.
